We have proposed the "railway-switch" model to describe the superconducting transport current in (Bi,Pb)~Sr2Ca2Cu30&0 silver-sheathed tapes. The model assumes that in the textured polycrystalline filament the frequent small-angle c-axis tilt grain boundaries (" railway switches" ) constitute strong links for the supercurrent. With the objective to identify the mechanisms that limit the critical-current density in the tapes we present measurements of the transport critical current normal to the tape plane and of the current-transfer length along the tape axis. From I-V curves we obtain the longitudinal critical-current distribution and compare it to the thickness variation of the filament. The experiments have been performed on monofilamentary powder-in-tube samples prepared in long lengths by rolling as the only tape-forming process. For all investigated samples the critical-current density at T =77 K in self-field was in the range j, =20-30 kA/cm . We conclude that the dominant limitation for the transport critical current in the tapes is imposed by the low intragrain critical-current density j, along the c axis (as compared to the in-plane critical-current density j, ' ) and by the even lower critical-current density j, ' across twist boundaries or intergrowths.
' across twist boundaries or intergrowths.
Possibilities for an improvement of the performance of the (Bi,Pb)~Sr2Ca2Cu30&0 silver-sheathed tapes are discussed.
I. INTRODUCTION The high-T, superconductor (Bi,Pb)2Sr2CazCu30]0 [Bi/Pb(2223)] ofFers promising physical properties for technical applications. The high critical superconducting temperature (T, =110 K) together with a high critical magnetic field [B,2( T =4.2 K) )100 T] and a potentially high critical-current density j, promoted the fast development of prototype conductors mainly in the form of silver-sheathed tapes that are generally produced by the "powder-in-tube" (PIT) method. Although being applied to a very complex metallurgical system the PIT process yields reasonable results in a straightforward way and laboratories worldwide participated in the hunt for the record-high critical-current density j, (T =77 K, 8 =0 T) . This was certainly a decisive stimulus for the rapid progress in the Geld, besides the promise of future paying applications. However, the pushing of the record value to higher and higher limits was not always accompanied by good reproducibility.
Consequently the course of optimizing the tape performance had to change from a di6'use and mainly heuristic research by trial and error with large numbers of samples to a more focused strategy that requires as its base the understanding of the correlation between preparation parameters and technologically relevant properties of the tapes, the most important being for obvious reasons the critical transport current density j, and its field and temperature dependence j, (B, T) .
This change of direction became necessary especially for the development of industrial lengths (I )1 km) of conductors with a restricted variety of production steps and perfect reproducibility being an absolute must.
The first eAort in describing the mechanisms of supercurrent transport in Bi/Pb(2223) tapes has been made by Bulaevskii et The microstructure of the high-current tapes, however, does not resemble a "brick wall" and the original brick-wall model' does not appropriately describe the current transport in high-quality tapes.
Detailed investigations performed on tapes with high critical-current densities j, ( T = 77 K, 8 = 0 T) )15 kA/cm led us to propose the "railway-switch" model with a more adequate microstructural foundation for high-quality tapes. The fundamental elements of our model are the small-angle c-axis tilt grain boundaries or "railway switches" that connect adjacent grains. They constitute those strong connections that are necessary to explain the observed high overall critical current densities. Furthermore there is evidence that the grain boundaries are not the dominant limiting factor for the critical-current density. The central objective of the present paper is to identify the mechanisms that limit the critical current in Bi/Pb (2223) silver-sheathed tapes. [Fig. 6(d) ]. In the case of the SCTILT boundary the edge of one colony meets the broad face of another colony under a sharp angle. Figure 7 shows practical examples of ECTILT and SCTILT colony boundaries as seen by SEM.
As the current Aows macroscopically through the tape it must also cross the frequent colony boundaries, ECTILT and SCTILT. In the following section we will discuss the possible limiting role of these colony boundaries for the supercurrent in the framework of the railway-switch model.
IV. THE RAILWAY-SWITCH MODEL
The first microstructural investigations of Bi/Pb(2223) This finding sharply contradicts a current limiting mechanism by grain boundaries.
In Fig. 8 In connection with the present work mainly the curves obtained in decreasing field will be considered. Figure 11 shows the field dependences j, (B) (b) to the tape plane; BJ j) at various temperatures T=4. 2, 10, 20, 30, 40, 50, 60, 70, 80, 90, and Fig. 12 . A good agreement of B,z(T) with B;"(T) is observed when the field is applied normal to the tape plane, while for the other orientation the two curves are found to be quite different. This might find its explanation in the fact that for B,z(T, 8=0'), B,2(T, 8=90'), and B;"( T, 8=0') the transport current as well as the magnetically induced current flow within the tape plane, while for B;"(T, 8=90 ) a current perpendicular to the tape plane is necessary to shield the external magnetic field.
The magnetic irreversibility field B;"(T, 8=90') Fig. 15(b) the obtained B,z~(T, 9=0') is shown and not surprisingly the same features are present that have been found for B,z(T, O=O'), i.e. , an inflection point around T =50 K.
The parameter I can be estimated from Fig. 15(c (j, and j, ") and that thus the magnetic-field dependences j, (8) and j, (8) between the models that is made for j, is also valid for j, ". I-V curves have been measured in two contact configurations: (i) "same side, " i.e. , current and voltage contacts on the same side of the sample (ss), and (ii) "opposite side, " i.e. , the voltage contacts were on the opposite side of the current contacts (os). In order to eliminate small geometrical variations two measurements were made in both cases, by using the same configuration but interchanging the sides. For the following we assume that the voltage drop across the voltage taps is proportional to the current that Aows in the silver sheath to which the contacts are attached.
We find that in the normal state at room temperature only about one third of the voltage that is produced on the same side appears on the opposite side. It should be mentioned that the sandwich setup is considerably different from the "transformer" setup that has been used to determine the c-axis resistivity p, of Bi (2212) crystals.
The "sandwich" is more appropriate for criticalcurrent measurements when the sample is superconducting, while the transformer setup is well suited for resistivity measurements when the sample is normal conducting. Being aware of the involved uncertainties an estimated value for the resistivity perpendicular to the tape plane at room temperature p" = 5 mQ cm can nevertheless be obtained. This low value is an indication that the current Aows predominantly along the a-b planes, in a zigzag current path that is probably 10 to 20 times longer than the filament thickness. are identical for interchanged sides. The sandwich experiment shows that the current-transfer length in optimized monofilamentary tapes with j, )20 kA/cm is certainly I. "& 2 mm, or probably even less (the contact spacing between the current and the voltage taps was 2 mm). This finding has an important implication for the technique of joining two tapes, as it is very probable that high current-carrying superconducting joints can be achieved over relatively short lengths.
Considering the low critical-current density j, ' along the c axis it must be concluded that the short currenttransfer length I."and the underlying relatively high critical-current density j, " normal to the tape plane can only result from a zigzag current path and not from a direct path.
;".~', ' . '"~' A locally different I, along the tape axis occurs due to a variation of the cross section of the filament, i.e. , mainly of the thickness. This "sausaging" is caused by the rolling process. The second origin for a varying critical current are inhomogeneities in the filament itself that can mainly be attributed to a different number density of electrically strong connections (" railway switches") or to different amounts of secondary phases.
Although the rolling process that was used for the preparation of the tapes for this work has been carefully optimized it was not possible to eliminate the sausaging completely. A residual sausaging is always caused by rolling due to the softness of the silver sheath in comparison with the hard ceramic core. A typical example of a longitudinal cross section of a filament is shown in Fig. 19 [see also Fig. 1(b shifted to higher currents uniaxial pressing is not applicable for the production of long lengths of tapes). The residual sausaging of the rolled tapes [Fig. 20(b) ] that have been investigated for this work is given by the full width at half maximum of the thickness distribution and amounts to roughly 10%. Figure 21 shows a typical I Vcur-ve (a) and its first (b) and second (c) derivative. The main problem in obtaining p(I, )~d V/dI is the uncontrollable self-heating of the sample. Even when contact resistances are not taken into account there is still a considerable amount of power that is dissipated in the sample [ Fig. 21(b) ]. It is easily understandable that the associated self-heating will strongly increase when in most parts of the sample the critical current is exceeded. In other words self-heating effects become important at currents above the most probable critical current I, '". The expected Gaussian distribution p (I, ) is disturbed by self-heating above I, '", while on the low current side a perfect distribution is observed [Fig. 21(c) ]. For the following we will determine I, '" and the width of the distribution by fitting a Gaussian profile only to the undisturbed low-current half (for details see Appendix A).
A comparison of the thickness distribution (Fig. 20) and the critical-current distribution [Fig. 21(c) ] is shown in Fig. 22 . The widths of the distributions differ by almost a factor of 3. This clearly proves that the residual "sausaging" is not the only origin for the longitudinal variations of the critical current. To a bigger part microscopic inhomogeneities of the filament must be responsible for the broadening of the I-V curve. It is worthwhile noting that all attempts to fit physical laws to I-V curves of Bi,pb(2223) tapes make absolutely no sense if the inAuence of all these inhomogeneities is not taken into account (even before attempting a fit, the silver contribution must of course be subtracted). If the microscopic inhomogeneities were of mere geometrical nature they should lead to a temperature and field independent width of the distribution. In Fig. 23(b The inhomogeneities that we discussed above are a series of "bottlenecks. " There is, however, also the possibility that the critical current is nonhomogeneously distributed over the filament cross section. While this is cer- where the superconducting contribution of the filament is assumed to be more or less suppressed). Because of this ambiguity we did not try to correct our I-V curves. This correction is generally also not necessary as the curves differ significantly only at voltages V&20 pV, i.e. , far above the 1@V/cm criterion for short samples.
On the basis of high-quality data it is possible to extrapolate the I-V curve to a criterion of 0 pV/cm, or in other words to eliminate the criterion. The necessary assumption is that the curve can be described by V~(I I, ) . For conve-ntional superconductors it has been widely assumed that V~I ". The resistive transition index n, or shorter n factor is a measure for the homogeneity of the sample. High transition indices n &50 were found for high-quality Nb-Ti wires.
Recently the correlation between the width of a Gaussian critical-current distribution and the n factor has been demonstrated by Edelman and Larbalestier.
From Fig.   25 it is, however, evident that the simple relation V~I " does not hold for the tapes and must be replaced by V~ (I I, ) [the nonlinearity of t-he I Vcurve in the log--log plot and thus the deviation from V~I " is obvious from the continuous variation of d(log V)/d(logI) in Fig.   25(b) ]. A best fit to V~(I I, ) -(only data below 10 pV) can be obtained with I, =9.7 A and a=8.2. The curve that is obtained after subtraction of the criterion independent critical current I, =9.7 A is also shown in Fig. 25(a) .
It should be mentioned that due to the residual sausaging and to the microscopic inhomogeneities (see Sec. VII) no higher a's can be expected for the Bi,Pb(2223) APPKrmIX S Some preliminary considerations are necessary before attempting to measure the critical-current density along the tape normal I, ". As the geometry is far from being suited for a classical four-probe setup it is necessary to eliminate most of the disturbing contact resistances and to increase the sample resistance as much as possible. The latter can be achieved by removing any electrical contact between the two halves of the silver sheath on the broad faces of the tape (this is an absolute must) and by reducing the sample cross section to the useful minimum (typically 1 -2 mm ). The remaining silver foils might seem to provide low contact resistances and help to distribute the current homogeneously over the sample cross section. This is only true at first sight and turns even to the opposite when we imagine that the whole setup represents a series connection of a resistance (silver), a perfect conductor [Bi,Pb(2223) ] and again a resistance (silver) . Through this configuration the current will possibly find a very tortuous way and thus attaching separate current and voltage contacts to the silver will result in completely unrepresentative results (this is not a hypothesis but has been verified experimentally).
In our setup we use copper blocks as current contacts and the two silver sheaths as voltage contacts (Fig. 27) . It can be easily understood that this is the configuration that is nearest to classical four probe, although a very small residual contact resistance cannot be eliminated. Figure 28 shows the setup for the "sandwich" experi- 
